The dynamic polarisation of nuclear spins requires the introduction of paramagnetic centres into potential target materials. A method of choice is the irradiation of such materials, in particular the inorganic materials lithium hydride and ammonia have been used in many nuclear and particle physics experiments with much success. As established as these materials are, a solid target material that can be handled at room temperature and in which the paramagnetic centre remains stable under theses conditions would have many advantages. Initial experiments indicate that the polymeric materials may fulfil these criteria. Polyethylene and polypropylene pellets were irradiated with electrons at various doses and subsequently analysed using Electron Spin Resonance (ESR) spectroscopy. Polarisation values and relaxation times were measured under standard polarised target conditions of 2.5 T and 1 K. The influence of a subsequent heat treatment after irradiation and the resulting change in polarisation characteristics are presented.
Introduction
Polymers have been discussed as candidates for solid state target material for at least the last two decades. Unlike the commonly used alcohols e.g. butanol or inorganics e.g. ammonia, polymer targets have a major advantage in the fact that they can be formed to practically any desired geometry and can thus provide a filling factor close to 1. In addition, the materials are solid at room temperature and handling is unproblematic. The defining point of a good solid state target material is a high polarisation of the proton or deuteron components. The research group at PSI showed dynamic nuclear polarisation (DNP) of protons in thin PE foils and small tubes, chemically doped via diffusion of TEMPO to a spin density of 2 × 10 19 spins − /cm 3 , to values of 70% in a 2.5 T magnetic field at a temperatures below 0.3 K [1] , [2] . Ideally one would like to achieve polarisations in polymer materials comparable to the classic materials of over 90%. It has also been proposed that the crystallinity of polymers may in fact be a major factor in obtainable polarisation values, as polarisations seem to be higher in amorphous materials than in crystalline materials at least with regards to chemically doped samples [3] . Kumada et al. [4] showed that for PE doped in the same manner as the PSI materials this was indeed the case. Their ESR studies showed that the chemical dopant TEMPO only diffused into the amorphous regions of the polymer. Whether or not the crystallinity effects the polarisation if the radicals can indeed permeate the crystalline region, as is the case if the materials are irradiated, is still an open question.
Polymer sample materials
For the ongoing irradiation studies the focus was placed on two types of long chained polymer molecules: Polyethylene (PE) and polypropylene (PP). The density of both is comparable to that of butanol with a slightly higher dilution factor. PE is a long chain of carbon atoms, each with two associated hydrogen atom substituents (CH 2 monomer -see figure 1 ). For PP the situation is slightly different: The backbone of the molecule consists of carbon atoms, however next to every polyethylene monomer there is a carbon atom associated with a single hydrogen atom and a CH 3 group (CH 2 -CH-CH 3 monomer -see figure 2 ). The arrangement of the chains can be amorphous, the chains are random and unoriented, crystalline, the chains are folded and packed, or more commonly semi-crystalline in which crystalline structures are dispersed within the amorphous regions. Three different types of polyethylene were used.The samples consisted of 1) highly amorphous, low density PE (LDPE) with lots of branching, 2) a low branching, high density PE (HDPE) with a high amount of linearly arranged chains (crystalline) and 3) and linear low density PE (LLDPE), a high branching material interspersed with small crystalline regions. Polypropylene is differentiated by its stereo regularity, the relative orientation of the CH 2 and CH-CH 3 groups. Three isotactic materials of varying chain length were used for which all the substituents are located on the same side of the macromolecular backbone.
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Classification of samples after irradiation
To achieve high polarisation of nuclei DNP is used to transfer spin polarization from electrons to nuclei. In order for this to be possible electron spins must be introduced into sample materials e.g. by the creation of persisting structural defects by irradiation. In theory hydrogen extraction and chain scissions can occur, however the former is by far more likely in polymer materials. After the irradiation the first step in the analysis of the materials is ESR spectroscopy. The comparison of the spectra of the irradiated material with spectra of a known spin density taken under the same experimental conditions gives access to the spin density of the irradiated material. This essentially tells us how many defects per unit weight were created in the irradiation process. Typical X-band spectra measured at a temperature of 77 K for PE and PP are given in figures 3 and 4. The ESR spectrum also gives insight into the type of paramagnetic centres that have been be created. Understanding the underlying radical structure can help to optimize the temperature dependent irradiation process with regards to polarisation. An alkyl-type radical (see figure 5 ) is created in irradiated PE and gives the sextet of the ESR spectrum: The electron is localized on a p-orbital of the single carbon atom and has a hyperfine interaction with the single α-and four surrounding β -protons [5] , [6] . On the other hand many structures have been proposed for the radicals resulting from the irradiation of PP, however a general consensus does not seem evident from the literature and major differences have been reported between spectra resulting from different types of irradiation e.g. e − , γ and UV-sources. The main obstacle in determining the constituents of the spectra is the fact that irradiation of the material is thought to lead to a superposition of radical structures that are primarily obtained by the removal of hydrogen atoms. In polypropylene there are 3 sites from which a hydrogen atom can be removed, each of which would be expected to give an individual and distinct ESR spectrum. A hydrogen atom can be removed from the carbon backbone opposite of the methyl group or from the methylene bridge, as well as from the side-chain methyl itself. The most likely explanation is the dominance of the alkyl-type radical shown in figure 5 with additional structure resulting from the methyl group [7] , [8] , [9] , [10] .
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Irradiated polymeric materials at 1 K and at 2.5 T. Scott Reeve The electron irradiations in this study have so far been conducted in two consecutive data taking periods. Each of which will be described separately. The LINAC1 of the ELSA facility was used for the initial irradiation. A batch of PP pellets was irradiated in an argon cooled cryostat [11] and subsequently stored in liquid nitrogen. The initial spin density of the material was very close to 5 x 10 19 e − /g and in the order of magnitude in which one would typically expect DNP to be possible. As illustrated in figure 6 a subsequent heating of the samples in nitrogen at room temperature leads to a significant drop in the spin density. The initial rapid decay of the alkyl-type radical is followed by an almost stable region that lasts for some hours in which the alkyl-type radical is slowly converted into a allyl-type radical [12] . The conversion of the primary radical is evident from the slow increase of a sub-structure in the ESR spectrum, however the contribution of the latter to the spectrum on a whole is minimal and extremely difficult to extract due to the underlying noise. In this regard it is to be expected that any change in polarisation characteristics of the material by heating are related to the primary radical. Two of the characteristics of interest for target materials are the relaxation time and the maximum obtained polarisation values. The change of these characteristics are shown in figures 7 and 8. Samples were analysed at our standard 4 He-refrigerator experimental conditions at a temperature of 1 K and a magnetic field of 2.5 T. Samples were heated for 2.5, 5 and 10 min. In these short periods of heating the change of the relaxation times is enormous. The non heated sample has a relaxation time in the region of a minute in comparison to approximately 70 min for the sample heated for only 2.5 min. Additional heating increases the relaxation time further. The non heated sample gave maximum polarisation values of (4±0.2)%, with additional heating this was increased to (13.4 ± 0.6)%.
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Unfortunately shortly after our introductory efforts the LINAC1 entered a prolonged period of maintenance and it was not possible to conduct any further irradiations of materials at this site: An alternative was needed.
Present Irradiations at the LINAC2
In the past all irradiations of target materials in Bonn have taken place at the LINAC1 of the ELSA facility, however at present it is not possible to use this accelerator. Luckily, the second linear accelerator LINAC2 is well maintained and primarily provides electron beams for the Crystal Barrel and BGO groups. Modifications e.g. to the current beamline were needed, however it is now possible to extract the electron beam into the irradiation area. The end energy of LINAC2 is slightly higher than that of LINAC1 with 24 MeV instead of 20 MeV, yet the beam intensity is 20x lower, meaning the irradiation times are significantly longer than in the previous irradiation of the polymeric materials (10 min), yet still not even close to the irradiation times of the non-organic materials such as NH 3 or LiD (>10 h). A typical irradiation time needed to obtain a nominal spin density of 10 19 e − /g is conveniently in the region of a few hours.
As described in the previous section, a heat treatment of irradiated samples enhances the maximum polarisation values and increases the relaxation times. This positive effect should also be obtained by irradiating the materials above a material dependent specific temperature. In this way the "reorganisation" of the electronic structure is obtained directly during the irradiation. In 20 min the change of the heated sample is more or less completed by the transition of the primary radical into a qausi-stable state. In the case of an irradiation the same (or a similar) radical can be created over a period of a few hours in a much more controlled way. To find the optimal temperature of irradiation a wide range cryostat was used [13] , [14] . The cryostat uses a dual regulating system, implementing a slow cycled liquid nitrogen cooled heat exchanger coupled to a closed helium gas system with a fast regulating 1000 W heater. In this way it is possible to irradiate samples at temperatures from 90 K to room temperature with a stability of ±1 K. The lower beam current of the LINAC2, in comparison to the LINAC1, works in favour of the temperature stability. At present the work is very preliminary as we have only recently gained access to the facility and a broad outline of the programme will be given. Three different polyethylene samples, differing in density and linearity, and 3 different polypropylene samples, with varying chain length, have been irradiated simultaneously in the above mentioned cryostat. This ensures comparability of the samples: Any differences within a sample batch are thus due to differences in the materials. Irradiations were conducted at temperatures of 140 K, 180 K and 210 K. The injected charge of approximately 3 mC was sufficient to produce radical densities in the order of magnitude necessary for DNP. As described in the previous section the first analysis of the materials was done with an ESR spectrometer and is summarised in figure 9 . It was found that the spin densities of the different types of polyethylene are indistinguishable at the irradiated temperatures and thus the average was taken as a polyethylene batch. The same applies to the polypropylene samples. It is evident that the radical production mechanism in polypropylene is much more effective and the yield of radicals was around 40% higher. Over the analysed temperature range there is a drop in the radical yield to higher temperatures. This is likely mostly due to the temperature dependent recombination process of the primary alkyl radical, as well as the conversion into a secondary radical to a far smaller
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Irradiated polymeric materials at 1 K and at 2.5 T. Scott Reeve proportion. As with the heated samples the latter can be seen the in ESR spectrum of the materials, however plays a subordinate role. The alkyl radical is still the dominant radical in all spectra. The analysis of the polarisation values of the irradiated samples at a temperature of 1 K and a magnetic field of 2.5 T is currently in progress. 
Summary and Outlook
As has been proposed in many papers, polymers can be used in particle physics experiments in which high polarisation values are obtained using DNP. To what extent the polarisation values are adequately high for practical use in such experiments remains to be seen, but previous results from chemically doped samples in the past and current results from the ongoing electron beam irradiations are very promising. The heating of the sample after irradiation has an effect on the relaxation and polarisation characteristics of the samples. Significantly higher values of polarisation are obtained after heating the sample, whilst relaxation rates become longer. The yield of radicals created as paramagnetic centres in PP by irradiation are in the region of 40% higher than in PE at the investigated irradiation temperatures. What influence the irradiation temperature has on the polarisation characteristics is presently being studied: The change of the electronic structure initiated by heating should be obtained directly by irradiation at higher temperatures. Polarisation measurements at very low temperatures are planned for the near future.
